Abstract-Coke oven site soil was characterized to assess the particle association and availability of polycyclic aromatic hydrocarbons (PAHs). We identified various carbonaceous materials including coal, coke, pitch, and tar decanter sludge. Most of the PAHs were associated with the polymeric matrix of tar sludge or hard pitch as discrete particles, coatings on soil mineral particles, or complex aggregates. The PAH availability from these particles was very low due to hindered diffusive release from solid tar or pitch with apparent diffusivities of 6 ϫ 10 Ϫ15 for phenanthrene, 3 ϫ 10 Ϫ15 for pyrene, and 1 ϫ 10 Ϫ15 cm 2 /s for benzo [a]pyrene. Significant concentrations of PAHs were observed in the interior of solid tar aggregates with up to 40,000 mg/kg total PAHs. The release of PAHs from the interior of such particles requires diffusion over a substantial distance, and semipermeable membrane device tests confirmed a very limited availability of PAHs. These findings explain the results from three years of phytoremediation of the site soil, for which no significant changes in the total PAH concentrations were observed in the test plot samples. The observed low bioavailability of PAHs probably inhibited PAH phytoremediation, as diffusion-limited mass transfer would limit the release of PAHs to the aqueous phase.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are formed in the coking process from the heating of coal in the absence of oxygen [1] . The PAH emissions from coke ovens are partially gaseous with another portion of the PAHs associated with fly ash particles and soots and with tars or pitches that form as a consequence of cooling and recondensation processes during off-gas treatment. Coke byproduct plants produce tar and other materials with high levels of PAHs [2] . Not surprisingly, the ground surface in the vicinity of coke ovens and a coke byproducts plant often is highly contaminated with PAHs, and the cleanup of such sites is a major challenge for brownfield remediation.
Beginning in the 1920s, the Ford Motor Company owned and operated coke ovens and a byproducts plant at its Rouge manufacturing complex in Dearborn, Michigan, USA, where it produced coke for its metallurgic furnaces. Deposits on the soil near the coke ovens from decades of coke production include coal/coke residuals, dust, sand, and industrial debris contaminated with PAHs. The Rouge Renovation project aims to transform the Rouge manufacturing complex from an icon in vertically integrated automotive manufacturing into a model of a 21st century sustainable manufacturing center [3, 4] . In this regard, phytoremediation currently is being investigated as an in situ management strategy for the reduction of PAHcontaminant concentrations in soil from the Rouge coke oven site [5] . Phytoremediation uses native plants and natural processes to reduce PAH levels in contaminated soils while restoring habitat quality and helping to achieve the overall res-* To whom correspondence may be addressed (luthy@stanford.edu). toration goals. Besides the potential degradation and transformation of the PAHs, expected benefits from phytoremediation at the Rouge coke oven site are the filtration of storm water runoff, the creation of a wildlife habitat, and the beautification of the landscape [5] .
In this context, researchers at Michigan State University evaluated the ability of 18 native Michigan plant species to reduce PAHs in amended soil from the coke oven facility at a phytoremediation field demonstration site at Allen Park, Michigan, USA [5] . Certain plants have the potential to metabolize PAHs, and plants also may assist PAH degradation indirectly by simulating microbial growth and biodiversity [6] . The bioavailability of PAHs in contaminated soil likely is a critical factor for the success of phytoremediation because bioavailability can limit the rate and extent of PAH biodegradation by plants and microorganisms [7] [8] [9] [10] . Black carbonaceous particles and soots, which are ubiquitous at the Rouge coke oven site, may be extraordinarily strong sorbents for hydrophobic contaminants [11] , and these sorbents may limit the bioavailability of PAHs. Previous studies with coal-or pitch-contaminated sediments showed that PAHs bound to coal material were recalcitrant in bioslurry studies, whereas PAHs bound to clay/silt or PAHs on soft pitch were biodegraded readily [8, 12] . By inference, this suggests that the degradability of PAHs via phytoremediation depends critically upon the type and amount of carbonaceous sorbent materials within the soil matrix.
This study assesses PAH-contaminant availability in the native coke oven site soil and uses these findings to interpret results from three years of phytoremediation of amended coke oven site soil with the species Eupatorium perfoliatum, commonly known as Boneset. Eupatorium perfoliatum was among the native Michigan plant species that showed a promising early trend in reducing PAHs in greenhouse studies, and it could survive over the winter season [5] . We report the distribution and sorbent-type association of PAHs in native soil from the coke oven site and in amended soils from the phytoremediation field demonstration site. This work explains potential physicochemical constraints to phytoremediation of PAHs in ground surface materials from the coke plant site, where the majority of the PAHs are associated with coke byproducts plant waste like tar decanter sludge.
MATERIALS AND METHODS

Chemical reagents and standard solutions
Hexane, acetone, pentane, cyclohexane, and methylene chloride were purchased as pesticide-grade solvents from Fisher Scientific (Pittsburgh, PA, USA). Solvents were checked regularly for PAH contamination. Anhydrous sodium sulfate (Fisher Scientific) was prepared by drying in an oven at 105ЊC for 24 h. Silica gel (Fisher Scientific) was activated at 130ЊC for 16 h. The PAH standard solutions for calibration were from Ultra Scientific (North Kingstown, RI, USA).
Soil samples
A composite native soil sample was collected from a contamination hotspot adjacent to the precipitator tank alongside the coke oven battery at the Ford Rouge Manufacturing Complex (Dearborn, MI, USA) in September 2001 by Michigan State University. Four composite, amended soil samples from the Ford-Michigan State University phytoremediation field demonstration plots were obtained as well. Two soil samples from the plots were collected in November 2001 after one fullgrowth season. One composite sample was from an unplanted control plot and one from a plot planted with the species E. perfoliatum. Both soil samples were amended with 10% by volume yard compost and 5% by volume chicken manure at the beginning of the phytoremediation evaluation in September 2000. In 2003, two additional samples were obtained after three full-growth seasons from the unplanted plot, and the test plot planted with the species E. perfoliatum. Soil samples were stored in closed containers at 4ЊC until use.
PAH analysis
The PAH concentrations of soil samples were measured by following U.S. Environmental Protection Agency (U.S. EPA) standard method 3550B (http://www.epa.gov/epaoswer/ hazwaste/test/3series.htm). Air-dried samples (no more than 3 g) were ground in a mortar and placed in a beaker containing 30 ml of a hexane/acetone mixture (1:1, volume/volume [v/ v] ) and extracted using a Fisher 550 Sonic Dismembrator (Pittsburgh, PA, USA). The sonication program was discontinuous, pulsing 15 s on and 15 s off for 6 min, to avoid heat build-up during the extraction. The sample was extracted three times and combined extracts were cleaned up using an activated silica gel column as described in U.S. EPA method 3630C (http://www.epa.gov/epaoswer/hazwaste/test/3se-ries.htm). An Agilent gas chromatograph 6890N system (Sunnyvale, CA, USA) equipped with flame ionization detector and a fused silica capillary column (HP-5, 30 m long ϫ 0.25 mm I.D.) was used for the PAH analysis. Samples were extracted at least in triplicate. A 3.1-ppm standard of the 16 U.S. EPA priority pollutant PAHs was run with every series of samples to validate the calibration.
Wet sieving and density separation
Wet sieving separated samples into four size fractions (1-2.3 mm, 1-0.25 mm, 0.250-0.063 mm, and Ͻ0.063 mm). Density separation with a saturated cesium chloride solution with a density of 1.8 g/cm 3 was used to separate particulate coal, coke, byproduct waste, and wood-derived materials from the mineral fraction of the soil. For the samples received in 2003, the lighter density fraction was separated further using a cesium chloride solution with a specific gravity of 1.5 to remove wood and plant material with some entangled particulate carbon material from the coal and coke and coke by-products plant waste fraction of carbonaceous particulates.
Physical and chemical characterization of samples
Total organic carbon content was determined for selected samples by Huffman Lab (Golden, CO, USA). The Brunauer, Emmett, and Teller surface area (BET-SA) and pore size distributions were measured at 77 K using a Coulter SA 3100 surface area and pore size analyzer (Miami, FL, USA). Petrographic analyses were performed for the identification of the coal, coke, and coke by-products plant waste by R&D Carbon Petrography (Monroeville, PA, USA).
Particle-type analysis
Particles from the 1 to 2.3-mm sieve fraction of the native soil sample were separated by density and then sorted under the microscope into various classes based on appearance. The following classes were distinguished in the low-density fraction (Ͻ1.8 g/cm 3 ): solid tar and tar conglomerates by the presence of mineral grains in the matrix of asphalt-like clumps; coke-like particles by the irregular, macroporous, sponge-like shape; coal-like particles by a black, shiny appearance without discernible macropores; plant material, which mainly was roots; and miscellaneous particles that did not seem to fit the other classes. For the heavy-density mineral fraction (Ͼ1.8 g/ cm 3 ), selected particles were distinguished based on apparent organic coatings of pitch or tar. For PAH analysis, the particles were mixed with a spatula of sea sand (Fluka, Buchs, Switzerland) and ground and extracted as described above.
Particle PAH analysis
Individual coarse particles from the light density fraction were weighed, crushed, immersed in hexane/acetone, and extracted passively in 2-ml vials with a Teflon-lined cap for 3 weeks. The hexane/acetone was replaced daily during the first week and once again after the second week. The combined extracts were cleaned and analyzed as described above.
Desorption experiments
The PAH desorption studies were conducted at room temperature for 210 d. Samples of the native soil and densityseparated fractions of the 0.25-to 1-mm sieve fraction of the native soil sample were used. Desorption test followed the procedure used by Ghosh et al. [13] . One gram each of the native soil and the heavy-density fraction sample was placed in a 40-ml vial and 0.5 g of Tenax resin beads was added, respectively; 0.5 g of soil sample and 1 g of Tenax beads were used for the light-density fraction soil sample due to its high PAH concentration. The vials were filled with 1% sodium azide solution with minimal headspace and capped with a Teflonlined cap. The vials were rotated continuously on a rotator. Tenax resin beads were replaced with fresh resin beads at certain time intervals. Harvested Tenax beads were extracted for PAH concentration measurement. All samples were prepared in triplicate.
Intraparticle PAH distribution
Micro-L 2 MS, as described in Gillette et al. [14] , was used to observe the relative abundance of PAHs on the outer surfaces and interior sections of selected particle types. This instrument uses a pulsed infrared laser beam ( ϭ 10.6 m) focused on a 40-m diameter circular spot to desorb molecules from a chemical matrix in a process consistent with thermal desorption after rapid heating of the irradiated spot. Ionization of analyte molecules occurs selectively in a second step with a pulsed ultraviolet laser beam ( ϭ 266 nm). The resulting ions are analyzed with a reflectron mass spectrometer. Previous studies demonstrated that L 2 MS can be used to measure selectively and semiquantitatively the abundance of PAHs in complex matrices such as soils or sediment [13] [14] [15] or atmospheric aerosols [16] . Particles were sectioned by a razor blade for interior surface measurements. The carbonaceous particles were embedded in a plaster before sectioning to avoid shattering.
PAH uptake by semipermeable membrane devices (SPMD)
The SPMDs, a biomimetic device to simulate fatty tissue, were used to study the passive PAH uptake from coke plant soil. The SPMDs were custom-made from polyethylene (EST, St. Joseph, MO, USA), 50-mm long, and filled with 0.05 g of triolein. Experiments were performed with native soil from the coke oven site, with amended soil planted for three years with the species E. perfoliatum, and with amended soil from the respective unplanted control plots. For comparison, SPMD uptake experiments were performed with PAH-contaminated sediments from Milwaukee Harbor (MI, USA) and Harbor Point (NY, USA). An amount equivalent to 8 g of dry soil or sediment was added to 40-ml clear glass vials and filled with deionized water [17] . Sodium azide (1 g/L) was added and the vials tumbled at 20 rpm continuously for 14 d. After contact, the SPMDs were cleaned and dialyzed in hexane. Aliquots of the dialysate were analyzed for PAHs.
RESULTS AND DISCUSSION
PAH analysis of the bulk native soil and its density fractions
A composite native soil sample from the coke by-products plant was collected adjacent to the precipitator tank alongside the coke battery and was found to contain on average 920 Ϯ 22 mg PAHs/kg soil. The PAH compound abundance pattern is shown in Figure 1 . This native soil sample from the byproducts facility had an average total organic carbon content of 21% by weight, as determined by total organic carbon analysis, and contained in each sieve fraction 13 to 30% by weight particulate carbonaceous material separable by density from the heavier mineral particles, as shown in Table S1 as supporting information [SETAC Supplemental Data Archive, Item ETC-24-09-002; http://etc.allenpress.com]. The PAH analysis of density fractions showed that a majority of the PAHs are associated with this low-density particulate carbonaceous material, which contained 66 to 78% of the total PAHs. These results are shown for three different sieve fractions as supporting information in Table S1 . The individual PAH distributions for the separated fractions in the native soil exhibited the same pattern as shown in Figure 1 for the bulk sample.
Assessment of 3 years of phytoremediation with E. perfoliatum
Total PAH concentrations in composite samples collected during the first growing season in May, July, and September 2001 were reported as: 113 Ϯ 7, 101 Ϯ 5, and 94 Ϯ 5 mg/kg total PAHs in the unplanted plot, and 97 Ϯ 8, 79 Ϯ 4, and 84 Ϯ 8 mg/kg in the plot planted with E. perfoliatum [5] . Four composite soil samples were obtained from the phytoremediation field demonstration site following years 1 and 3, and these were analyzed to assess the overall performance during 3 years of phytoremediation. Figure 2a compares the PAH concentration of the Ͻ2.36-mm sieve fraction of soil from the test plots planted for up to 3 years with E. perfoliatum with the PAH concentration of soil from the respective unplanted control plots. Both planted and unplanted plots contained native soil from the coke by-products plant site that was amended with chicken manure and compost to increase the biodiversity and fertility of the soil. Total PAH concentrations were 75 Ϯ 12 and 105 Ϯ 60 mg/kg in soil from unplanted control plots after 1 and 3 years, respectively, as compared to 91 Ϯ 19 and 88 Ϯ 25 mg/kg after 1 and 3 years of phytoremediation with E. perfoliatum, respectively. Thus, there is little significant difference between the total PAH concentration of soil from the planted plots and from the unplanted control plots. Figure  2b compares the finest sieve fraction of soil from the planted and unplanted plots. Total PAH concentrations in the Ͻ0.063-mm sieve fraction were 121 Ϯ 4 and 110 Ϯ 40 mg/kg in soil from unplanted control plots after 1 and 3 years, respectively, as compared to 112 Ϯ 5 and 100 Ϯ 30 mg/kg after 1 and 3 years of phytoremediation with E. perfoliatum. Thus, soil planted with E. perfoliatum had a slightly lower average PAH concentration in the Ͻ0.063-mm sieve fraction for both year 1 and year 3, but the difference is within the range of the experimental uncertainty. In general, soils from the field study exhibit substantial variability in the total PAH concentrations for 2.5-g replicate soil samples, as shown by the range in standard deviation among nine replicates for the 3-year treatment. This sample variability and a 30% difference in the average total PAH concentration for the samples from control plots, with an apparent increase over time, demonstrates significant sample heterogeneity that obscures any small effect of the treatment. The total PAH concentration in soil from the phytoremediation demonstration field site is much lower than that in the native soil collected adjacent to the by-products plant tar precipitator tank. For the phytoremediation study, 400 cubic yards of site material were excavated with heavy equipment, including some minimally contaminated soil from the periphery of the coke oven area and blended during soil amendment. This diluted hot spot-contaminated material with lesser-contaminated site material.
Subsamples of the soil planted for 3 years with E. perfoliatum and the respective control were separated into various sieve and density fractions. Photographic images of these fractions are provided in Figures S1 and S2 as supporting information [SETAC Supplemental Data Archive, Item ETC-24-09-002; http://etc.allenpress.com]. The 1.5-to 1.8-g/cm 3 density fraction consisted almost entirely of carbon materials (i.e., coal, coke, and tar decanter sludge) related to the coking process, whereas the Ͻ1.5-g/cm 3 density fraction consisted of carbon materials from the coking process entangled with plant tissues and wood from the compost and with plant tissue. The soil from the planted plot had fewer coarse particles and a higher content of wood and plant tissue compared to the soil from the unplanted plot, as is evident from a comparison of Figures S1 and S2. Table 1 compares the relative soil mass and the measured total PAH concentration for each size and density fraction, as well as the calculated average PAH concentrations for each sieve fraction, the two density fractions, and the bulk soil. From this analysis, it appears that the PAH concentration of the finer light material is lower in the planted soil, as compared to the unplanted soil. The differences in the Ͻ1.5-g/cm 3 density fractions partially can be explained by a higher content of wood and plant tissue in soil from the planted plot. Wood and plant tissue had much lower PAH concentrations as compared to carbon materials from the coking process. This was demonstrated for the coarsest sieve fraction, in which the wood/plant material could be separated manually from coal, coke, and similar particulate materials. The wood and plant material had only 10 to 20 mg/kg of total PAHs compared to more than a 1,000 mg/kg in carbonaceous materials from the coking process.
From the these observations it is concluded that 3 years of phytoremediation with E. perfoliatum resulted at best in a small reduction of the total PAH contamination, mainly for PAHs in some of the finer low-density soil fractions. The heterogeneity of the site samples and a variable content of wood and plant tissue do not allow for a more precise assessment. The following discussion suggests that most of the PAHs are associated with tar decanter sludge and that the PAHs in this material are not bioavailable for treatment by phytoremediation.
Petrography
Petrography was employed to identify likely sources and potential strong sorbents of PAHs in native soil from the coke oven site. This methodology provides valuable insight into the sorbent properties of soils and sediments [18, 19] . Petrographic analysis of the light fraction (Ͻ1.8 g/cm 3 ) and the heavy fraction (Ͼ1.8 g/cm 3 ) of the native soil sample identified almost every type of carbon potentially associated with the coking process and its by-products processes, as summarized in the two left-hand columns of Table 2 . Identified particles include coal, coke, pitch, and tar decanter sludge. The native soil contained 22% material with a density smaller than 1.8 g/cm 3 or approximately 30% by volume as calculated from the bulk densities of the heavy and light material in the 0.25-to 1-mm sieve fraction. The light fraction comprised by volume about 39% each coal and coke and 11% byproduct plant waste such as tar decanter sludge, pitch, and cenospheres. Petrographic analysis identified the same types of carbon in both density fractions of the native soil, but a ten times higher total volume in the lighter fraction as compared to the heavier fraction. Light imaging and petrography revealed the presence of aggregates of tar sludge material adhering to mineral grains or coal. Figure  3a shows a microscopic image of an aggregate from the light density fraction, which was identified as coal fragments bound by tar decanter sludge. Figure 3b shows the same type of aggregate in the pores and on the outer surface of a coarse mineral grain. The mineral matter increased the overall density of the combined aggregate sufficient for it to report to the heavier density fraction.
Soil from the phytoremediation field trial plots had a lower content of carbon materials from the coking process, as shown in the petrography results in the two right-hand columns of Table 2 , but the composition was similar as in the native site soil sample. The amount of material related to the coking process is approximately 15% by volume in the bulk soil from the planted and unplanted plots at the phytoremediation field demonstration site. Soil from planted plots had a higher content of wood and plant tissue as compared to soil from the unplanted plots, approximately 10% by volume, which also was apparent by the naked eye. Otherwise, the results of the petrographic analysis indicate that the soil from the planted and the unplanted plots contains a comparable amount of the same carbon materials.
PAH analysis for particle types and individual particles
Petrography identified a variety of carbon materials in the native soil from the coke by-products plant site, sometimes in close association with each other and bound by tar decanter sludge and sometimes with minerals, as shown in Figure 3a and b. The coarsest sieve fraction (1-2.3 mm) of the native soil sample was separated into classes of similar particle types to identify the likely PAH source in this soil and to better understand the PAH-particle association in this complex mixture. Conglomerates with an appearance similar to tar decanter sludge or lumps of asphalt are shown in Figure 3c . These conglomerates had the highest PAH concentration of various optically distinguished particle types in the 1-to 2.3-mm sieve fraction of the native soil sample from the coke oven site (i.e., 12,200 mg/kg on average as reported in Table 3 ). These conglomerates of tar sludge-like material were hard and would not soften or melt when heated to 300ЊC. The analysis of individual coarse particles revealed a significant variability in PAH concentration, as shown in Figure 3c . Some dark tar sludge or asphalt-like conglomerates contained as much as 4% by mass PAHs. Figure 3d , e, and f show more of the optically distinguished particle-type classes in the native soil, and photographic images of all particle types are provided as supporting information in Figure S3 [SETAC Supplemental Data Archive, Item ETC-24-09-002; http://etc.allenpress.com]. The results in Table 3 demonstrate that coal-and coke-like particles from the site had lower PAH concentrations than tar sludge or asphalt-like conglomerates, despite the high carbon content of coal or coke. The PAH concentration is best correlated with the amount of hexane/acetone-soluble matter, which would be indicative of tar sludge. Combined, these results suggest that most of the PAHs are associated with the polymeric matrix of tar sludge or pitch, which glues coal and coke fragments and minerals into complex aggregates. Small amounts of this adhesive tar or pitch likely are associated with all particle types to a variable degree, either as coating or as fillings in pores, as shown in Figure 3b . For instance, the dark coated mineral grains from the heavy fraction shown in Figure 3d had higher PAH concentration as compared to the ones with a lighter color shown in Figure 3f .
The binder in these aggregates and coatings, tar decanter sludge, and other tarry-or pitch-like waste from the coke byproducts plant likely is the major historic source of the PAH contamination in ground surface material at the coke oven site. According to Alvarez et al. [2] , the coking process produces 1,000 to 1,200 tons/year of tar decanter sludge and 200 to 250 tons/year of pitch-like benzol distillation residue from by-products plants for a coke production of about 2.5 million tons/ year. Tar decanter sludge is a U.S. EPA classified hazardous waste because of its high PAH content [20] . This sludge forms when heavier solids separate out from the floating tar layer in the tar decanter. Tar and pitch contain several percent by weight of the sum of the 16 U.S. EPA listed PAHs [21] , and the occurrence of tar and pitch in the native soil sample actually Fig. 3 . Microscopic images of particles from the native soil showing (a) a cut and polished aggregate with a density Ͻ1.8 g/cm 3 (H ϭ high volatile coal, T ϭ tar sludge, 600 ϫ in oil with reflected light); (b) a cut and polished aggregate with a density Ͼ1.8 g/cm 3 (B ϭ ball of coal fines, W ϭ white coarse mineral, 600 ϫ in oil with reflected light); (c) various conglomerates with a density Ͻ1.8 g/cm 3 from the 1-to 2.3-mm sieve fraction, total polycyclic aromatic hydrocarbon (PAH) concentration of each conglomerate given in (mg/kg) as numbers; (d) minerals and conglomerates with a density Ͼ1.8 g/cm 3 and organic coatings from the 1-to 2.3-mm sieve fraction; (e) miscellaneous particles with a density Ͻ1.8 g/cm 3 from the 1-to 2.3-mm sieve fraction, total PAH concentration of each conglomerate given in (mg/kg) as numbers; (f) minerals and conglomerates with a density Ͼ1.8 g/cm 3 with less visible organic coatings from the 1-to 2.3-mm sieve fraction; (g) embedded and cut particle with a density Ͻ1.8 g/cm 3 ; and (h) split mineral with a density Ͼ1.8 g/cm 3 showing tar sludge or pitch coating.
Environ. Toxicol. Chem. 24, 2005 S. Ahn et al. could explain the measured PAH concentrations. Pure coke breeze was obtained from Ispat Inland (East Chicago, IL, USA) and analyzed for comparison. It had neither measurable PAH concentrations, nor did it contain a measurable amount of hexane/acetone-extractable matter (data not shown). These results have important implications for the assessment of phytoremediation as a treatment strategy at the coke oven site. First, the large variability in the PAH content of particulates with high organic carbon content results in the heterogeneous PAH distribution in this soil. Second, PAHs residing within coarse tar sludge or asphalt-like aggregates like those depicted in Figure 3c most likely are inaccessible to plant roots or microbes. Indeed, very high and highly variable PAH concentrations comparable to those reported in Table 3 were measured in the coarse, low-density particles and aggregates isolated from soil from both the planted and unplanted plots of the phytoremediation field demonstration site, as reported in Table 1 .
Desorption experiments
The petrography results and particle analyses suggest that PAHs in soil from the coke by-products facility site are associated with the polymeric matrix of tar sludge and pitch, which also binds complex aggregates or coats mineral grains. The phytoremediation of PAHs in this soil will require the release of these compounds from within such aggregates or coatings. Desorption experiments were performed with native soil from the coke by-products plant site to assess the PAH availability.
The release of PAHs from the bulk native soil was very limited, only 6% over 210 d, less than 4% from the lighter material and 22% from the heavier material of the 0.25-to 1-mm sieve fraction. This is shown in Figure S4 Given the polymeric matrix of tar and pitch, the release of PAHs likely is hindered by the slow diffusion of molecules out of complex tar aggregates and coatings such as the ones depicted in Figure 3a , b, g, and h. Equation 1 approximates the fractional diffusive short-term release of PAHs out of particles with different geometries [21] 
where M(t) is the mass of PAH released at time t, M tot is the total mass of PAHs in the sample, A is the surface area of the particle, V is the volume of the particle, and D app is apparent diffusivity. Data were fitted to estimate apparent diffusivities using Equation 1. The fitted lines in Figure 4a and b show that the release of PAHs from the native soil over 7 months can be described well as a function of the square root of time, which is indicative of slow diffusion-limited mass transfer.
Previous investigations with PAH-impacted soil or sediment demonstrate the importance of an accurate description of the PAH distribution at the grain scale for a derivation of apparent diffusivities from experimental desorption data, such as that shown in Figure 4a and b [22] . Therefore, we characterized with L 2 MS the distribution of PAHs on a 40-m scale on the outer surface and on sections of particles from the native soil sample. An example of an embedded and sectioned particle from the light density fraction is shown in Figure 3g . The L 2 MS showed orders of magnitude differences among the intensities measured on different particles from the light density fraction, which confirms the quantitative differ- ences in PAH concentrations of individual particles shown in Figure 3c and e. Figure 5a shows that PAHs were detected with similar intensities throughout the outer surface, the edge, and the center of sectioned particles from the light density fraction. For sectioned mineral particles or aggregates from the heavy fraction, PAHs were detected consistently with a much higher intensity on the outer surface as compared to the particle interior, as shown in Figure 5b . Some of these particles had a pure mineral interior with a dark, tar-like, organic coating on the outside, as shown in Figure 3h , and others were aggregates of minerals or salts bound by tar or pitch and had some carbonaceous material inside larger pores, as shown in the microscopic image in Figure 3b . Note that error bars in Figure 5a and b depict an order of magnitude difference in the average signal intensity measured from particle to particle.
Based on the results of the L 2 MS analysis, apparent diffusivities, D app , can be estimated roughly for the lighter density material by assuming a spherical geometry, an approximately homogeneous initial distribution of the PAHs throughout the particle interior, and a concentration-independent apparent diffusivity. The geometric mean of the two sieve mesh sizes of this fraction, 0.05 cm, was used as the relevant spherical diameter. The fitted apparent diffusivities are 6 ϫ 10 Ϫ15 for phenanthrene, 3 ϫ 10 Ϫ15 for pyrene, and 1 ϫ 10 Ϫ15 cm 2 /s for benzo[a]pyrene. These values are lower than diffusion coefficients reported for PAHs in highly viscous organic liquids and semisolids [23] , but higher than the diffusion coefficients reported for aged coal-derived sediment particles [22] , as shown in Table 4 . Thus the results of the desorption study with low-density carbonaceous material of the native soil from the coke oven site are consistent with the diffusion of PAHs out of a hardened matrix of tar and pitch. By extrapolating the desorption data in Figure 4a with the diffusion model, one estimates centuries of slow, mass transfer-limited PAH release before the PAH content of this soil fraction is reduced by more than 90%. Based on our petrographic analyses, one does not expect a fundamentally different apparent diffusivity in the heavier material of native soil from the coke oven site, because the same carbon materials have been identified in both the low-and high-density fractions. The faster release from the heavier material is explained, rather, by the association of PAHs with coatings like the one depicted in Figure 3h , which have a greater outer surface-to-volume ratio as compared to the more 
PAH uptake into SPMDs
We measured PAH uptake into SPMDs to assess whether soil amendment and 3 years of phytoremediation with E. perfoliatum affected the bioavailability of PAHs in amended soil from the coke oven site. Semipermeable membrane devices often are used in aquatic sediment studies to assess the amount of contaminants passively transferred into a fat-like tissue. For a comparison, we performed SPMD-uptake experiments with PAH-contaminated sediment from Harbor Point (NY, USA) and Milwaukee Harbor (WI, USA). In Milwaukee Harbor sediment, a majority of the PAHs are associated with coal-derived particles and not readily biodegraded [8] . In Harbor Point sediment, the PAHs mainly were associated with soft pitch or coal tar globules, which were soft under tweezers and would melt and spread after being touched with the tip of a hot, stainless steel spatula [12] .
When expressed as percent uptake relative to the total PAH mass in the batch, the PAH uptake into SPMDs was similar for both native soil from the coke by-products plant site and soil from the unplanted plot and a plot planted for 3 years with E. perfoliatum. After 2 weeks of continuous rotation, only 0.18 Ϯ 0.07, 0.26 Ϯ 0.02, and 0.24 Ϯ 0.02% of the total PAH mass in the batches was transferred into SPMDs from native soil and amended soil from unplanted and planted plots of the phytoremediation field demonstration site, respectively. This confirms the low availability of the PAHs in this soil, and shows that a substantial change in PAH availability did not occur during phytoremediation. Figure 6 compares these results with the PAH uptake into SPMDs from the two sediments. Obviously, the availability of PAHs is much lower in the coke by-products plant soil as compared to the sediments, and lower for Milwaukee Harbor sediment as compared to the soft pitch in Harbor Point sediment.
Combined, these results provide strong support for a direct correlation between PAH release from soil or sediment and the overall extent of PAH biotransformation. In Harbor Point, sediment PAHs are associated with soft pitch or coal tar globules, readily desorbed as indicated by the comparably high mass transfer into SPMDs, and readily biodegraded as shown in bioslurry tests [12] . In Milwaukee Harbor sediment, PAHs are associated with two distinct sorption domains: Clay/silt and coal-derived particles. Only PAHs bound to clay/silt readily are desorbed and biodegraded in bioslurry studies [8] . In soil from the coke oven site, the PAHs in both the low-density carbonaceous fraction and the high-density mineral fraction are associated with the same semisolid matrix of tar sludge and hard pitch from which they are released only very slowly. Consequently, 3 years of phytoremediation with E. perfoliatum did not result in a significant reduction of the total PAH concentration.
CONCLUSION
In conclusion, we identified two reasons for the apparently low availability of PAHs in native soil from the coke byproducts plant site. One reason is the low diffusivities of PAHs in a solidified organic matrix of tar or pitch. The second reason is the localization of a significant amount of PAHs inside the interior of coarse, complex tar decanter sludge-like aggregates. The PAH release from the interior of a coarse particle requires PAH availability from coke-plant soil Environ. Toxicol. Chem. 24, 2005 2195 diffusion over a comparably long distance. Diffusion-limited mass transfer will limit the success of any soil-remediation technique dependent on the release of PAHs to the aqueous phase. Despite 3 years of phytoremediation with E. perfoliatum, total PAH concentrations largely persist unchanged in amended soil from the coke oven site, which likely is explained by the low physicochemical availability of PAHs in this soil. The availability of PAHs is very low because of the slow diffusion of these compounds in complex, semisolid aggregates, like tar decanter sludge, and organic coatings of such sludge materials on mineral particles. Furthermore, a significant amount of PAHs is located in the interior of complex coarse, tar sludge aggregates, which requires diffusion of PAHs over substantial distances. To overcome physicochemical limitations to the overall PAH transformation rate by phytoremediation, the plants or microbes associated with the plants either would need to swell or consume the tar sludge polymeric matrix that holds the PAHs. An increased PAH availability in the soil then would result in a faster overall degradation rate, but also would facilitate contaminant leaching and spreading.
These results illustrate the importance of physicochemical characterization of site materials to assess the practical feasibility and potential limits to what may be achievable by phytoremediation. Biodegradation studies with added PAHs [24] (e.g., radio-labeled compounds [25] ) greatly may overestimate overall transformation rates. Added compounds tend to sorb to the outer surface of solids, whereas one of the major reasons for the low availability of PAHs in soil from the coke by-products plant site is the presence of these compounds in the interior of coarse particles and aggregates bound by tar sludge or hard pitch. Also, if mass transfer by diffusion from solid-like matrix limits the overall rate of transformation, the results of short-term studies cannot be extrapolated linearly with time due to reduced long-term treatment efficiency.
Given the strong particle association of PAHs in ground surface materials at the coke oven site, the major risk for spreading the PAHs appears to be erosion of highly contaminated carbonaceous fines by wind or colloidal transport by surface runoff during storm events. Inhalation of suspended fine dust particles probably is the most plausible route for human exposure. Thus, an assessment of the potential benefit of plantation of the site probably should focus on this exposure scenario rather than on total PAH concentration in the soil. Plantation of the soil likely will reduce erosion and dispersal of dust and, therefore, would be beneficial even without reducing the PAH concentration in the soil.
